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Abstract 
Structural, electrical and optical properties of CuInS2 thin films of various thicknesses, grown on heated glass substrates at 
100°C by thermal evaporation method were studied. These films were annealed in air atmosphere at temperature of 200°C. The 
thickness of the CIS films was varied from 436 to 80 nm. It was found that the structural properties, FWHM and grain size 
degraded with decreasing its thickness. The peak intensity decreases with the film thickness and the X-ray spectra are 
polycrystalline in nature excluding films with thickness less than 111nm, the peak intensity disappears and films are amorphous 
in nature. However, with decreasing the film thickness from 436 to 111nm, the optical band (Eg) gap of CuInS2 material is in 
the range 1.42 to 1.81 eV. Hot probe method showed that all the annealed CuInS2 samples exhibit n-type conductivity with low 
resistivity values in the range 3.60 to 0.08 kȍ.m. We suggests that the minimum thickness to obtain polycrystalline CuInS2 thin 
films is 111nm, the band gap energy of CuInS2 thin films can be controlled by varying the film thickness and the n-type 
conductivity can be obtained after annealing in air atmosphere. 
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1. Introduction 
A great deal of interest has been focused on the growth of the ternary I-III-VI2 and II-IV-VI2 semiconductor 
compounds which crystallize in the chalcopyrite type structure [1-4]. One of the promising chalcopyrite type 
semiconductors is copper indium disulfide CuInS2. The ternary compound CuInS2 has a direct bandgap of about 
1.53 eV [5] which is nearly equal to the theoretical optimum value for photovoltaic’s application. In addition, the 
material does not contain toxic Ga or Se atoms, and this may have an advantage in comparison with the frequently 
studied CuInSe2 and CuInGaS2. This material can be made both n and p-type, enabling the fabrication of both 
homo-junction and hetero-junction structures. CuInS2 thin films have been deposited by various techniques, such 
as co-evaporation [6], molecular beam deposition [7], chemical vapour deposition [8], spray pyrolysis [9-11], 
chemical bath deposition [12], ion layer gas reaction [13-14] (ILGAR) and electro-deposition [15]. For controlling 
a conduction type and obtaining a low resistivity, several impurities doped CuInS2 thin films have been also 
studied, such as Al, Na, O, Sn and Sb… [16-24]. T. Yamamoto et al investigated the electronic structures of n-type 
doped CuInS2 crystals using Zn and Cd species [25]. F. Streicher et al present a comparative study of pure CuInS2 
(CIS) and Zn-doped CuInS2 thin films using SPS in combination with a KPFM setup [26]. The sodium effect [27] 
has become one of the important factors affecting the energy conversion efficiency of solar cells using CuInS2 thin 
films as absorption layers. They have demonstrated that Na incorporation into Cu-poor CuInS2 thin films is 
essential for fabricating high efficiency CuInS2-based solar cells without employing the KCN process [28]. They 
have also suggested that the Na incorporation annihilates the donor states generated in Na-free CuInS2 films and, 
consequently, drastically enhanced the film conductivity, crystallite quality and device performance [29]. Also, the 
effect of Na doping on the optical and electrical properties of CuInS2 thin films has been investigated by Zribi et al 
[30]. Samples were prepared by the co-evaporation of CuInS2 and Na on corning 7059 glass substrates. An 
evolution from the n-type conductivity towards the p-type conductivity is observed. The optical band gap of the 
thin Na-CuInS2 films decrease linearly with increasing the Na concentration. In our previous papers [18-22], we 
studied the effect of oxygen, tin, zinc and antimony on the structural, optical and electrical properties of CuInS2 
thin films grown by the thermal evaporation method. In the present work, we studied the effect of film thickness on 
the structural, electrical and optical properties of air annealed CuInS2 thin films grown by thermal evaporation 
method. The process can be of interest for application in CuInS2-based cell design. Therefore, the aim of this work 
is to convert CuInS2 thin films with higher resistive to n-type conductivity and reducing the film thickness. 
2. Experimental details 
2.1. Synthesis 
The horizontal Bridgman method is described in detail in Ref. [20]. Briefly, Cu, In and S with a nominal purity 
of at least 99.999% were mixed together to prepare CuInS2 crystal. The mixture is introduced in an evacuated and 
sealed quartz tube under a vacuum of 10-6 Torr. The tube was inserted into the furnace where the temperature was 
raised to 1000°C and maintained at this temperature during 48 h. After homogenization of the melts, the tube was 
cooled. The obtained crystal was black color with length of 20 mm. Crushed powder of this ingot was used as raw 
material for the thermal evaporation to obtain CuInS2 thin films.  
2.2. Thin films growth 
   CuInS2 thin films were prepared by co-evaporation of the CIS powder on glass substrates in a high vacuum 
system with a base pressure of 10-6 Torr. A tungsten crucible was used. Thermal evaporation sources were used 
which can be controlled either by the crucible temperature or by the source powder. The glass substrates were 
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heated at 100°C. After what films were annealed in air atmosphere at temperature of 200°C for 2 hours. Film 
thickness was measured by interference fringes method [31]. 
2.3. XRD 
     Thin films were characterized by X-ray diffraction at ambient conditions. The data were collected using a D8 
Advance diffractometer in Bragg-Brentano geometry using CuKĮ = 1.5418 Å radiation for the phase identification 
and crystallographic structure. 
2.4. Optical spectrophotometer 
     The optical transmittance and reflectance of the annealed CuInS2 thin films was measured using a double-beam 
UV-VIS-NIR spectrophotometer (type Shimadzu UV-3100S) in the wavelength range of 300-1800 nm. 
2.5. Hot probe method 
     The Hot-Probe method provides a simple yet efficient way to distinguish between n-type and p-type 
semiconductors using a heated probe and a standard multimeter. The experiment is done by attaching a couple of 
cold probe and hot probe to a semiconductor surface. Both probes are wired to a sensitive electrometer [32]. The 
hot probe is connected to the positive terminal of the meter while the cold probe is connected to the negative 
terminal. While applying the cold and hot probes to an n-type semiconductor, positive voltage readout is obtained 
in the meter, whereas for a p-type semiconductor, negative voltage is obtained [33]. 
3. Results and discussion 
3.1. Crystallinity study 
Fig. 1 shows the room temperature X-ray diffraction pattern of various air annealed CuInS2 thin films with 
different thicknesses grown on glass substrates and measured at ș-2ș mode. It can be found that All the samples 
prepared with thickness equal or higher that 110 nm show strong (112) diffraction peak at 2ș = 27.8°. Also (101), 
(103), (004), (211) and (224) peaks with very weak intensity are observed. By cons, samples prepared with 
thickness less than 110 nm are amorphous in nature and the peak intensity disappears. This degradation of 
crystallinity can be attributed to the film thickness and indicates an increase in the disorder with decreasing 
thickness which may be attributed to the introduction of some defects and/or likely there is a different material 
forming for low thicknesses.  From Fig.1, it can be seen that both the line-width and intensity of the diffraction 
peaks are also strongly dependent of film thickness. The inset of Fig. 1 shows dependence of the (112) peak 
intensity as a function of film thickness. We can see that with decreasing the film thickness, although the (112) 
peak intensity decrease. This reflects an improvement of the structural properties of the CuInS2 when thickness is 
increased.  
 
The size of the crystallites D in the grains can be estimated by the Debye-Scherrer formula [34]: 
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Where Ȝ is the X-ray wavelength of 1.5418ǖ, ș is the Bragg diffraction angle, and B is FWHM. Fig. 2 shows the 
dependence of FWHM value (2ș) of the diffraction peaks and the grain size, calculated from the Scherrer formula, 
as a function of film thickness. It can be seen that there is an increase in the FWHM and a decrease in grain size 
with decreasing film thickness. The FWHM increases from 0.22 to 0.63° and the grain size decreases from 37 to 
13 nm rapidly, respectively, with a decreasing of annealed CuInS2 film thickness. This implies that if the film 
thickness is reduced, this will lead to degradation in the crystallinity of the films. 
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    Fig. 1. X-ray diffraction pattern of air annealed CuInS2 thin films                 Fig. 2. The FWHM of XRD peak and film grain size vs film  
    grown with different thickness. The inset shows dependence of the                           thickness of air annealed CuInS2 thin films. 
           (112) peak intensity as a function of film thickness. 
 
    
  Table 1. The FWHM, grain size, resistivity and type conductivity of air annealed CuInS2 thin films grown with different thickness. 
Film thickness ±5 
nm 
FWHM (°) Grain size (nm) Resistivity 
×103(m) 
Type 
436 0.22 37 3.60 n 
292 0.25 33 1.10 n 
191 0.36 23 0.27 n 
111 0.39 21 0.18 n 
80 0.63 13 0.08 n 
 
3.2. Electrical study 
Several studies showed that chalcopyrite semi-conducting properties are basically governed by intrinsic 
native defects were donors (anion vacancies, interstitial cations) [35]. Consequently, as-deposited samples are in 
general highly compensated materials. This gives the opportunity to induce n-type conductivity by breaking this 
balance effect and to study the effect of film thickness on the n-type conductivity. We note that all the initially 
films are highly compensated and no specific type of conductivity was observed. To understand the effect of 
thickness-variation of annealed CuInS2 thin films over the resistivity, we recorded the variation of the electrical 
resistivity as a function of temperature during the annealing in air. The resulting resistivity vs temperature curves 
of the fabricated CuInS2 films are shown in Fig. 3.  
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Fig. 3. Variation of electrical resistivity vs temperature of air annealed CuInS2 thin films (during heating and cooling). 
 
It is clear from the figure that after cooling by mean of hysteresis effect, all the CuInS2 thin films with different 
thicknesses grown on glass substrates heated at 100°C do not recover their starting high resistivity values and an 
irreversible process was observed. This process corresponds to low resistivity in the range 3.60 to 0.18 kȍ.m with 
irreversible n-type conductivity. Also, we note the resistivity values deceases with decreasing film thickness, 
Table. 1. Which suggest improved electrical properties of samples. 
 
 
3.3. Optical study 
In order to analyze the effect of the film thickness on the optical properties of air annealed CuInS2 thin 
films. The optical reflectance and transmittance spectra were investigated in the wavelength range 300-1800 nm. 
Figs.4 and 5 show the reflectance and transmittance spectra of air annealed CuInS2 thin films grown with various 
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film thickness. The optical reflectance of these films varies over the range of 20-30%. Also, the transmittance 
increases with a decrease in the film thickness. This can be linked to the change in crystalline structure and with a 
decrease in the grain size and/or the density of the films.  
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Fig. 4. Optical transmittance spectra of air annealed CuInS2 thin films         Fig. 5. Optical reflectance spectra of air annealed CuInS2 thin films        
                                   grown with different thickness.                                                               grown with different thickness. 
 
The fundamental absorption corresponds to the electron excitation from valance band to conduction band 
and can be used to evaluate the value of the optical band gap. The optical band gap of the film is determined by 
applying the Tauc model, and the Davis and Mott model in the high absorbance region [36, 37]: 
 
( ) ( )( )                                                                                                              2ngh A h Eα ν ν= −
 
Here, A is a constant, hȞ is the photon energy, Eg is the optical band gap. For a direct transition, n=1/2 or 2/3 and 
the former value is more suitable for CIS film because it gives the best linear curve in the band-edge region. The 
absorption coefficient Į (hȞ) of CIS thin films can be calculated from the following relation [38]: 
 
( ) ( )
211 ln                                                                                                                   3
R
d T
α
ª º
−
= « »« »¬ ¼
 
Here, T is the transmittance, R is the reflectance and d is the film thickness. 
Fig. 6 shows the absorption coefficients Į (hȞ) versus the photon energy (hȞ) of various air annealed CuInS2 thin 
films with different thicknesses. It can be seen that all the films have relatively high absorption coefficients 
between 104 cm-1 and 105 cm-1 in the visible and the near-IR spectral range. Also, we note that the absorption 
coefficient decreased with film thickness decreasing. Fig. 7 shows the plot of (ĮhȞ)2 vs the photon energy (hȞ) of 
various air annealed CuInS2 thin films with different thicknesses varying from 436 to 80 nm. The optical band (Eg) 
gap first decreased, and then increased from 1.46 to 2.35 eV with film thickness decreasing, figure 8. An increase 
in the optical band gaps can be attributed to the film thickness [39], this behavior indicates an increase in the 
disorder with decreasing thickness [40] and may be attributed to the introduction of some defects which create 
localized states in the band-gap and therefore increase the band-gap [40]. Similar results were also observed by 
other researchers [39, 40]. These results suggest that the optical band gap of CuInS2 thin films can be controlled 
more precisely by controlling the thickness CIS films. It is also known that the thickness becomes important in the 
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thin films. The thickness of the film causes a shift in the optical absorption edge and therefore a change in the band 
structure of the films. It is found that the optical absorption edge varies with increasing film thickness. This 
suggests that the defects in thin films occur during the formation of the films.  
1,00 1,25 1,50 1,75 2,00 2,25 2,50 2,75 3,00
102
103
104
105
106
 
 
A
bs
o
rp
tio
n
 
co
ef
fic
ie
n
t αα αα
 
(cm
-
1 )
Photon energy (eV)
 CuInS2: 436 ±5 nm
 CuInS2: 292 ±5 nm
 CuInS2: 191 ±5 nm
 CuInS2: 111 ±5 nm
 amorphous CuInS2: 80 ±5 nm
0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0 2,2 2,4 2,6 2,8
0,0
2,0x109
4,0x109
6,0x109
8,0x109
1,0x1010
 CuInS2: 436 ±5 nm
 CuInS2: 292 ±5 nm
 CuInS2: 191 ±5 nm
 CuInS2: 111 ±5 nm
 amorphous CuInS2
 
 
( αα αα
h νν νν
)2  (
eV
.
cm
-
1 )2
Photon energy (eV)
 
       Fig. 6. Absorption coefficient spectra of air annealed CuInS2 thin films       Fig. 7. The plot of (ĮhȞ)2 vs (hȞ) of air annealed CuInS2 thin 
 grown with different thickness.                                                                   films grown with different thickness. 
 
Thus, unsatured bonds can be produced as a result of an insufficient number of atoms [41]. These bonds are 
responsible for the formation of some defects in the films and these defects produce localized states in the films. 
The thicker film increases the width of localized states in the optical band gap, consequently, the optical absorption 
edge decreases with the reverse effect [39]. 
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Fig. 8. Variation of band gap energy Eg vs film thickness of air annealed CuInS2 thin films. 
4. Conclusion 
The structural, electrical and optical properties of air annealing CuInS2 thin films grown with different 
thickness were studied. The thickness of the CIS films was varied from 436 to 80 nm. We have found a change 
between physical properties and air annealing of CIS films in term of thickness. The structural properties degraded 
the FWHM increases from 0.22° to 0.36° and the grain size decreases from 37 to 13 nm with decreasing film 
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thickness. The peak intensity decreases with the film thickness and the X-ray spectra are polycrystalline in nature 
excluding films with thickness less than 110nm, the peak intensity disappears and films are amorphous in nature. 
The minimum thickness to obtain polycrystalline CuInS2 thin films is 111nm. The optical band (Eg) gap first 
decreased, and then increased from 1.42 to 1.80 eV. The resistance values decreased from 3.60 to 0.08 kȍ.m with 
film thickness decreased. All the annealed films exhibit n-type conductivity. Thus, film thickness in CuInS2 plays 
very important role in band gap energy controlling and air annealing leads to n-type conductivity.  
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